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Blood Pressure Modulation by Central Venous
Pressure and Respiration
Buffering Effects of the Heart Rate Reflexes John K. Triedman, MD; J. Philip Saul, MD Background Despite constant fluctuations in cardiac preload caused by the effects of respiration and changes in posture on venous return to the heart, arterial blood pressure remains remarkably constant. The effects of instantaneous lung volume (ILV) and variations of central venous pressure (CVP) on blood pressure (BP) were studied by use of frequency domain techniques to quantify the contribution of heart rate (HR) reflexes to attenuation of the effects of changes in right ventricular preload on arterial pressure.
Methods and Results Random independent variation of ILV, then CVP (obtained using lower-body negative pressure), was performed in eight humans in the supine position. HR, ILV, CVP, and systolic (SBP) and diastolic (DBP) BPs were recorded during control periods and after complete blockade obtained by use of 0.04 mg/kg atropine and 0.2 mg/kg propranolol. A frequency-domain analysis was performed on pairwise relations by the cross-spectral technique. During autonomic blockade, fluctuations in CVP were induced up to 0.14 Hz but caused corresponding changes in arterial pressure only up to 0.08 Hz (P<.02), indicating a mechanical damping effect of the heart and pulmonary vasculature. Fluctuations of BP were also delayed from CVP by 1.55 to 2.10 seconds. At frequencies <0.1 Hz, relations of CVP to all indices of BP Cntral venous return to the heart varies constantly, predominantly in response to changes in intrathoracic pressurel"2 and posture.3 In the isolated heart, Starling's law predicts increases in stroke volume that are nearly linearly related to filling pressures over a broad range. However, cardiac output and arterial blood pressure are relatively insensitive to changes in central venous pressure (CVP).4,5 Volume loading of experimental animals in the autonomically intact state causes changes in stroke volume that are largely compensated for by heart rate (HR) changes, resulting in an attenuated effect on total cardiac output. 6 These observations appear to apply only in the setting of intact autonomic cardiovascular regulation. The Conclusions Both slow changes of BP (<0.08 Hz) induced by variations of CVP and more rapid changes induced by ILV are actively buffered by heart rate reflexes. During blockade, the mechanical properties of interposed cardiopulmonary structures limit CVlP-induced fluctuations of BP. These findings have implications for BP regulation in pathological conditions associated with impairment of HR control. (Circulation. 1994 ;89:169-179.)
Key Words * blood pressure * heart rate * Fourier analysis tors results in a marked increase in the variability of arterial blood pressure7 and in the response of mean arterial blood pressure to changes in CVP; Herndon and Sagawa8 noted changes in cardiac stroke volume of as much as 50% in response to changes in venous filling pressures of 1 cm H20. In humans, sensitivity to volume loading is markedly augmented by ganglionic blockade, with both cardiac output and arterial blood pressure increased after transfusion.9 Deficiencies of rapid HR modulation have been observed in a variety of cardiovascular pathological conditions, including arterial hypertension10 and congestive heart failure," and after ischemic events1213 and have been correlated with an increased risk of sudden death after myocardial infarction. '4 In this study, the hypothesis was tested that autonomic HR control attenuates fluctuations of arterial pressure caused by variations in venous return to the heart in autonomically intact humans. To estimate the importance of this regulatory effect, a frequencydomain approach was used to quantify the relations between respiration, CVP, and indices of arterial blood pressure both in the autonomically intact state and during pharmacologically induced total cardiac autonomic blockade. By inducing random fluctuations of venous return and respiratory activity that were independent of one another, it was possible to examine and distinguish the buffering effects of the HR reflexes on both pure low-frequency fluctuations of CVP and the higher-frequency effects associated with respiration and changes of intrathoracic pressure. Additionally, elimination of the HR reflexes, which would otherwise damp the response of arterial blood pressure to these induced fluctuations, allowed quantification of the hydraulic properties of the cardiopulmonary circulation.
Methods

Subject Group
The experimental group The following transfer relations were calculated by the cross-spectral technique (see "Appendix A"): ILV-HR, ILV-SBP, ILV-DBP, ILV-PP, ILV-CVP, CVP-HR, CVP-SBP, CVP-DBP, CVP-PP, LBNP-CVP, and LBNP-ILV. The coherence estimate, which varies from 0 to 1, does not have direct physiological significance but serves as a statistical measure of the reliability of the transfer function estimate and of the linearity of the input/output relation. In this study, coherence was used to weight individual values of transfer magnitude and transfer phase in the calculation of group-averaged and bandaveraged transfer functions by a previously described technique23 (also see "Appendix B"). A pilot study had shown that random application of LBNP was generally able to induce fluctuations of CVP up to 0.15 Hz. From this information, frequency bands were selected to allow us to examine the mechanical effects of CVP and ILV on blood pressure with minimal interference from the other (Fig 1) . In this study, the relations between CVP and indices of blood pressure were studied in the frequency band 0 to 0.1 Hz, and the relations between ILV and indices of blood pressure were studied between 0.15 and 0.35 Hz.
Pure time delays between input and output signals were determined by identification of linear sections of the phase function and calculation of their slopes.23 For calculation of pure time delays between CVP and indices of blood pressure and between respiration and DBP, these calculations assumed a phase of 0°at 0 Hz, which would be consistent with a direct relation between the input and output signals (ie, increase in CVP causing an increase in blood pressure).
Transfer functions for the relations between LBNP and CVP and between CVP and SBP and DBP were modeled as low-pass filters after examination of the gain and phase functions suggested that they showed both a phase shift of 90°a nd an associated drop in gain. Corner frequency was estimated as the frequency at which the gain was 3 dB lower than the maximum gain (approximately 71% of maximum gain).
Statistical Techniques
The Fig 2. High-frequency respiratory oscillations in the CVP time series are superimposed on larger low-frequency changes caused by LBNP. The frequency-domain analysis of these relations is also presented, with plots of the mean gain, phase, and coherence of the relations of CVP to SBP and DBP in the control and blockade conditions. In the frequency domain, the low-frequency relations of CVP to indices of SBP and DBP demonstrated a frequency-dependent decrease in gain coupled with a phase shift, a pattern similar to that of a low-pass filter with a time delay. To quantify the ability of the autonomically blockaded heart to transmit changes in CVP to changes in SBP and DBP, we modeled the cardiopulmonary unit as a single-pole low-pass filter with a delay.
Application of random LBNP resulted in significant transmission of signal power to CVP, with 75% to 80% of CVP variance occurring at frequencies <0.20 Hz as assessed by the CVP power spectrum. In the autonomically intact control state, low-frequency variations in CVP were not associated with significant variability of indices of arterial blood pressure, and corner frequencies could not be calculated. Fig 3 shows In comparison with the control condition, autonomic blockade caused a significant increase in mean coherence between CVP and indices of blood pressure in the (Fig 4) . These This shift in the relation of ILV to DBP is demonstrated in the frequency-domain analysis (Fig 5) . In the frequency range in which a significant respiratory effect on SBP and DBP was evident (>0.15 Hz), the relation of ILV to SBP was largely unaffected by autonomic blockade. The mean gain of the relation remained constant (3.4± 1.6 mm Hg/mm Hg control versus 3.2+2.2 mm Hg/L blockade, P=.933), and mean phase was approximately -180°before and after blockade, consistent with the observation that SBP fell with inspiration. In contrast, the magnitude of the relation of ILV to DBP fell significantly with autonomic blockade (6.1±3.5 mm Hg/L control versus 3.3+2.2 mm Hg/L blockade, P=.014), and its phase shifted from approximately -90°to -180°, making it more or less indistinguishable from the relation of ILV to SBP.
The combined effect of these changes is reflected in the frequency response of PP to ILV (Fig 8) . Because autonomic blockade shifted the effect of ILV on SBP and DBP from being 90°or more offset in phase to being nearly identical, the magnitude of PP changes with ILV became much smaller (7.0+4.3 mm Hg/L control versus 2.7±2.2 mm Hg/L blockade, P=.010), and its phase changed from approximately 180°before blockade (PP decreased with inspiration) to O0 (PP increased with inspiration). These data indicate that the effects of neurally mediated respiratory changes in HR tended to offset the underlying mechanical effects of respiration on blood pressure.
Discussion
The purpose of this experiment was to quantify the buffering effect of autonomically mediated HR variation on short-term fluctuations of blood pressure caused by induced changes in CVP and respiratory activity. Two techniques were used to vary right ventricular preload: random variation of voluntary respiratory activity, which caused fluctuations of venous return related to changes in intrathoracic and intra-abdominal pressures, and random variation of nonhypotensive LBNP, which caused variations of venous return and CVP largely unrelated to intrathoracic events. To further discriminate the effects of these differing stimuli, relations between respiration and venous and arterial blood pressure data were analyzed in selected regions of the frequency domain. This allowed us to discretely characterize the pure mechanical effects of CVP and respiration on blood pressure and to determine the importance of neurally mediated HR control in buffering the induced changes. The primary findings of this study are (1) a mechanical damping effect of the heart and thoracic vessels that limited the transmission of variations in CVP to arterial pressure to frequencies below approximately 0.1 Hz, (2) a potent effect of autonomically mediated HR control to attenuate fluctuations in arterial pressure caused by changes in CVP occurring below these frequencies, and (3) Effects of CVP on Blood Pressure: Mechanical Damping By limiting the frequency of respiratory activity during random LBNP application to a frequency range higher than the induced variability of the CVP, a relatively pure effect of CVP on blood pressure variables could be studied in the frequency range of 0 to approximately 0.20 Hz. Under conditions of autonomic blockade, oscillations of CVP induced by LBNP caused significantly greater arterial blood pressure fluctuations than during control conditions. However, this mechanical effect of CVP on blood pressure was limited by the interposition of the cardiopulmonary unit. CVP oscillations >0.08 Hz were not effectively transmitted to the arterial pressure, and a time delay was interposed between the two. Quantitatively, our data are similar to those described by Maloney et al,24 who observed a damping effect of an in vitro canine lung preparation, with a similar fall in transmitted pressure and flow variation above 0.1 Hz. This damping effect may be due to buffering of changes in venous return by variations in right ventricular diastolic and systolic function and/or properties of the pulmonary vasculature such as internal wave reflection, distribution of transit time, and the viscoelastic properties of the pulmonary vessels. 25 If right ventricular filling and/or pressure had had a direct effect on left ventricular function in this group of subjects, mediated by septal displacement in diastole, no upper limit on transmitted frequency should have been found, since this effect should have been transmitted instantaneously. Under the conditions in which these subjects were studied (supine, with moderately decreased CVP during autonomic blockade and nonhypotensive LBNP), no physiological effect of ventricular interdependence was observed. A model for the interaction of the cardiovascular system and intrathoracic pressure proposed by Beyar et a126 demonstrated an effect of intrapericardial pressure on left ventricular end-diastolic volume but minimal effect attributable to interventricular interdependence. Gonzalez et a127 noted that systolic right and left ventricular pressures varied inversely (ie, with a phase relation of 180°) during inspiration under conditions of experimentally elevated pericardial pressure in dogs but not at normal pericardial pressures. This literature demonstrates that although ventricular interdependence is an important phenomenon in the setting of increased intrapericardial pressures, data obtained at slightly subnormal filling pressures may show no direct effect of this type. This suggests that ventricular interdependence has a threshold for activity, but it does not allow us to determine whether the phenomenon is active at "normal" filling sure. In the control condition, the relations between CVP and indices of blood pressure were of low magnitude and had poor coherence over this low-frequency range. Institution of autonomic blockade caused the direct effect of low-frequency changes of CVP on SBP and, particularly, DBP to increase markedly. This finding indicates that in the control state, the effect of changes in right ventricular preload on blood pressure were well buffered by cardioregulatory mechanisms that were sensitive to the administration of atropine and propranolol, ie, the HR reflexes. Although other compensatory vascular reflexes must have been activated by the induced changes in arterial pressure and CVP, the absence of autonomically mediated HR control was sufficient to permit marked increases in blood pressure variability.
The Graphs showing time-domain representation of the relation of heart rate to diastolic blood pressure (BP). Left, Time series are presented from a single experimental recording during random-interval breathing in the control state. Right, Time series obtained from the same subject after autonomic blockade. In the control condition, inspiration drove heart rate increases followed after a short delay by corresponding increases in diastolic blood pressure. During autonomic blockade, heart rate was unrelated to respiratory activity, and the purely mechanical relation between respiration and diastolic blood pressure showed a small and immediate decrease with inspiration, rather than a large increase, reflecting the mechanical effects of intrathoracic pressure on arterial pressure. Changes in the time relation between respiration and diastolic blood pressure represent a shift between neurally and mechanically mediated effects and correspond to shifts in the phase relation presented in the frequency domain. 
Conclusions and Clinical Implications
These data show that, although fluctuations in venous return caused similar fluctuations in CVP, the heart and thoracic vasculature ren ¶oved higher-frequency fluctuations by a mechanical damping effect. Lower-frequency fluctuations were transmitted to the left ventricle and caused the large variations in arterial pressure observed during autonomic blockade. In the autonomically intact state, however, these changes were efficiently buffered by the HR baroreflexes. Respiratory activity alone was responsible for high-frequency blood pressure fluctuations in this model. Such fluctuations could not be mediated by changes in CVP because of mechanical damping. Therefore, they must be due to a direct mechanical effect of respiration on blood pressure caused by changes in intrathoracic pressure. These mechanical effects of respiration on blood pressure were opposed by offsetting changes in HR caused by respiratory sinus arrhythmia.
Taken together, the findings of this study indicate that the autonomically mediated HR reflexes, including the HR baroreflexes and respiratory sinus arrhythmia, act in concert to attenuate both low-and high-frequency variations in arterial pressure caused by changes in intrathoracic pressure and venous return to the heart. This may have significant implications for the pathophysiology of blood pressure control in patients with abnormalities of HR control.
Appendix A Calculation of Transfer Function Estimates
Transfer functions were calculated according to the crossspectral technique: (1) where H(f) represents the complex transfer function and S,, and S,,y represent the autospectrum and the cross-spectrum of the input and output signals, x and y. Cross-spectral and autospectral estimates were computed by the Blackman-Tukey method, with a four-point (0.006-Hz) gaussian window for smoothing in the frequency domain. The real and imaginary sachusetts Affiliate of the American Heart Association. Dr Saul is supported by Clinical Investigator Award K08-HL02380-03 from the National Institutes of Health.
